ABSTRACT-Morphological studies of fossil and extant shark teeth have typically been qualitative in nature, with resulting taxonomic problems due to the complicated forms of heterodonty exhibited by many sharks. This is apparent in the designation of fossil species assigned to Isurus (Lamniformes), where the status of the putative Neogene fossil species Isurus xiphodon and I. hastalis is solely based upon supposed differences in tooth morphology. Here we apply the geometric morphometric techniques of Procrustes superimposition, resampling-based Goodall's F-test, and canonical variates analysis to extant Isurus teeth, with the goal of assessing whether these quantitative analytical techniques provide a more objective basis for taxonomic decisions than do traditional qualitative morphological descriptions. These quantitative techniques are then applied to I. hastalis and I. xiphodon to examine whether I. xiphodon should be considered a junior synonym of I. hastalis or a separate species. Results show that geometric morphometric techniques can differentiate between the two extant species as well as the two extinct species, supporting I. xiphodon as a valid taxon. We suggest that this type of analysis is applicable for examining tooth-based species delimitations of sharks with both extant and extinct members, and has the potential to be applied to other fossil shark species as well.
INTRODUCTION
Fossil chondrichthyan species are typically identified on the basis of qualitative descriptions of tooth morphology. The reliance on teeth results from the fact that teeth are often the only parts of the skeleton preserved in the fossil record (Cappetta, 1987) . However, such studies have inherent problems. Many extant elasmobranchs exhibit various and sometimes complicated forms of heterodonty, including monognathic, dignathic, sexual, and ontogenetic heterodonty (Peyer, 1968; Compagno, 1988; Gottfried and Francis, 1996; Kajiura and Tricas, 1996) . Variations in tooth morphology may also be geographic (Lucifora et al., 2003) or pathologic (Becker et al., 2000) . The presence of heterodonty or other variations in tooth morphology may not be immediately apparent in fossil taxa, as most shark teeth are not found as associated sets (Shimada, 2005) .
The problem of heterodonty in tooth morphology has cast doubt on qualitative studies of isolated fossil shark teeth (Compagno, 1988; Applegate and Espinosa-Arrubarrena, 1996; Hubbell, 1996; Gottfried and Fordyce, 2001; Purdy et al., 2001; Shimada, 2005) . This is apparent in the designation of fossil species assigned to Isurus (Lamniformes) . There are two extant species of mako sharks, the shortfin mako Isurus oxyrinchus and the longfin mako I. paucus. Both are fast swimming pelagic predators. The species display sexual dimorphism, with females generally larger than males (Pratt and Casey, 1983; Compagno, 1988) . In addition to the relative lengths of their pectoral fins, tooth morphology has been used as a diagnostic feature to distinguish the species. Both species have unserrated, unicuspid teeth, but the teeth of I. oxyrinchus have relatively narrow cusps with reversed and labially recurved tips, whereas the teeth of I. paucus have broader cusps and are not recurved (Compagno, 2001) (Fig.  1 ). Both extant species exhibit monognathic and dignathic het-erodonty. Teeth can be divided into anterior, intermediate, and lateral sets on both the upper and lower jaws (Shimada, 2002) . The status of the putative Neogene fossil species I. xiphodon and I. hastalis is solely based upon supposed differences in tooth morphology. Agassiz (1843) originally established these species based on the shape of the lingual crown foot. Eventually, the two species were synonymized, along with several of Agassiz's other species, into I. hastalis, based partially on a lack of a type specimen for I. xiphodon (Lawley, 1878; Leriche, 1926) . Purdy et al. (2001) reestablished I. xiphodon as a separate species qualitatively on the basis of the broadness of the tooth and root lobe and mesial cutting edge shape (Fig. 1) . Despite this recent change, some still consider I. xiphodon to be a nomen dubium (Ward and Bonavia, 2001) .
Geometric morphometrics is a technique that allows for quantification of shape and visualization of complex morphology via the designation of landmarks. Taking the coordinates of these anatomical landmarks allows shapes to be objectively compared through various statistical analyses. These techniques has been applied to a variety of studies incorporating morphology (Rohlf et al., 1996; Zelditch et al., 2003; Bogdanowicz et al., 2005; Oettle et al., 2005; Pretorius, 2005; Candioti, 2006) , including studies of elasmobranch dentitions. Discriminant function analysis and quadratic discriminant analysis have been applied to linear measurements between landmarks to characterize recent Carcharhinus teeth (Naylor and Marcus, 1994) . Linear distances between landmarks have also been used to elucidate evolutionary relationships between fossil and extant species of Hexanchus (Adnet, 2006a) . Geometric morphometric techniques have been applied to modern and fossil Rhiz oprionodon teeth and were able to distinguish between Rhiz oprionodon and closely related genera, but could not distinguish between species of Rhiz oprionodon (Garry, 2004) . Most recently, geometric morphometrics was used to explore the evolutionary origins of modern white sharks Carcharodon carcharias (Nyberg et al., 2006) .
Here we apply the geometric morphometric techniques of Procrustes superimposition, resampling-based Goodall's F-test, and canonical variates analysis to extant Isurus teeth, with the goal of assessing whether these quantitative analytical techniques provide a more objective basis for taxonomic decisions than do traditional qualitative morphological descriptions. These techniques are then applied to two fossil species of Isurus, I. hastalis and I. xiphodon, to quantitatively examine whether I. xiphodon should be considered a junior synonym of I. hastalis or a valid separate species.
MATERIALS AND METHODS

Analysis of Extant Species
Tooth sets and jaws of adult I. oxyrinchus (N = 10) and I. paucus (N = 11) were obtained from the following collections: National Museum of Natural History (NMNH), Washington, D.C.; Field Museum of Natural History (FMNH), Chicago, Illinois; Kwa Zulu-Natal Sharks Board (KZN), Umhlanga, South Africa; and the collection of Dr. Gordon Hubbell, Gainsville, Florida (GHC) ( Table 1) . Specimens were a mix of tooth sets and dried articulated jaws. Each jaw or tooth set and each of the first seven teeth posterior to the symphysis within each jaw were photographed individually using an Olympus C3000 digital camera. Teeth were photographed such that the camera was orthogonal to the portion of the cusp adjacent to the tooth base. Images of teeth from the upper left and lower right jaws were reflected in about a vertical axis using Adobe Photoshop so that all teeth curved to the viewer's right for ease of comparison. Teeth were then digitized using TPSDig (computer program produced by F. J. Rohlf, which is freely available FIGURE 2. Location of landmarks for geometric morphometric analysis. 1, cusp apex; 2, center of the inner edge of the root; 3, 4, junction of cusp edge and root; 5, maximum curvature of root center; 6, 7 apex of root lobe.
at http://life.bio.sunysb.edu/morph/). Seven landmarks were chosen from the labial side of each tooth to reflect the shape of the crown and the entire tooth (Fig. 2) . The labial side was chosen because the majority of the extant specimens used in this study were from articulated tooth sets within jaws that do not expose the lingual side of teeth well. Broken teeth were not digitized. The landmark configurations were then superimposed using generalized least squares Procrustes superimposition (Rohlf and Slice, 1990) . This procedure minimizes the variance between specimens through rotation, translation, and resizing (Zelditch et al., 2004) . Procrustes superimposition was performed using CoordGen6 (part of Integrated Morphometrics Program [IMP] produced by H. D. Sheets; components of IMP are freely available at http://www2.canisius.edu/∼sheets/morphsoft.html).
To determine if teeth of I. oxyrinchus and I. paucus could be differentiated from each other using geometric morphometric techniques, we used two approaches. The first step was to perform a resampling-based Goodall's F-test using TwoGroup6 (part of IMP) to determine if teeth from the two species are statistically different (400 bootstraps, α-level of P = 0.05). Following this, a canonical variates analysis (CVA) using CVAGen6 (part of IMP) was used to visualize which aspects of tooth morphology are the best discriminators between the two species. CVA creates a new coordinate system based on linear combinations of variables. Inter-group variation is used to scale the axes, making this suitable for visualizing differences among group means (Zelditch et al., 2004) . Because CVA is based on eigenvalue decomposition, only one axis is possible when two groups are present.
Two sets of CVAs were performed using species as the grouping variable in each. The first was a single CVA disregarding tooth position. This grouping represents an unsorted group of Isurus teeth. The second set consisted of two separate CVAs: one for anterior teeth (tooth positions 1 and 2) and another for lateral teeth (tooth positions 4 through 7), taking advantage of 
the known pattern of notable monognathic heterodonty in these extant sharks (Shimada, 2002) . The intermediate tooth position (position 3) was disregarded as it is a transitional morphology between the anterior and lateral regions of the jaw (Shimada, 2002) . This a priori separation allows identification of morphological differences specific to the anterior and lateral teeth. To determine how well those aspects of morphology discriminate between the two groups, we used the reassignment test function in CVAGen6. It should be noted that this is not a formal statistical test, but rather is used as a general metric of the ability of identified morphological changes to differentiate between groups. This test computes the mean for each group, then compares the Mahalanobis distance between each individual and each group mean. Individuals are reassigned to the group with the closest mean (Zelditch et al., 2004) . If two congeneric species that have very similar dental morphology can be differentiated using the above techniques, this method can then be used to differentiate fossil teeth of the same genus that are similar in morphology.
Analysis of I. hastalis and I. xiphodon
To determine if the teeth of I. hastalis and I. xiphodon differ in morphology indicating the possibility of different species, we applied the same analyses used for the extant species. Pictures of I. hastalis and I. xiphodon from Purdy et al. (2001:figs. 27, 28a, b, f, 29) , in addition to digital photographs of teeth from the NMNH and Calvert Marine Museum (CMM) collections were used (Table 1 ). In total, 54 I. xiphodon and 56 I. hastalis teeth were digitized from photographs of their lingual sides. Landmark data were subjected to Procrustes superimposition as described above. A resampling-based Goodall's F-test using TwoGroup6 determined whether or not teeth from the two species are significantly different (400 bootstraps, α-level of P = 0.05); CVA was then used to visualize how tooth morphology differs. One CVA was run on the pool of all teeth, and a second set of CVAs were run on separated lateral and anterior tooth sets. We separated these teeth by following the same heterodonty pattern shown in the extant species. Finally, to determine how well these aspects of morphology were able to distinguish between the two groups of teeth, the reassignment test function in CVAGen6 was employed.
RESULTS
Despite considerable overlap of the canonical variates, the teeth from the two extant mako species, Isurus oxyrinchus and I. paucus, were significantly different (F = 9.29, P = 0.003) (Fig. 3) . The differences represented by CV1 were slight. In general, teeth from I. oxyrinchus have more elongate, laterally angled cusps compared to those of I. paucus. When all teeth are considered together, the reassignment test assigned 72.9% of the teeth to the correct species. Performing separate CVAs on anterior and lateral teeth improved the assignment capability (Fig. 3) . For the anterior teeth (positions 1 and 2), little separation between the two species occurs along CV1. Anterior teeth of I. oxyrinchus have narrower and slightly more laterally angled cusps compared to I. paucus. The lateral teeth (positions 4 through 7) are better at discriminating between species, with teeth of I. oxyrinchus having more laterally sheared bases. Correct species assignment occurred for 85.4% of the anterior teeth and 82.4% of the lateral teeth, indicating that a priori separation of anterior and lateral teeth provides better resolution of species differences.
Teeth from Isurus hastalis and I. xiphodon were also found to be significantly different (F = 19.82, P = 0.003). The analysis of all fossil teeth showed more separation between the two species than the CVA of the extant species (Fig. 4) . As shown by CV1, teeth from I. hastalis have more elongate, laterally angled cusps and a less curved and taller base than I. xiphodon. In this case, the reassignment test assigned 86.4% of the teeth to the corresponding species. Performing two separate CVAs improved assignment capabilities for anterior teeth, but not lateral teeth (Fig.  4) . Anterior teeth of I. hastalis are slightly narrower than those of I. xiphodon. Lateral teeth of I. xiphodon have an apicobasally shortened base compared to I. hastalis. Whereas correct species assignments were made for 83.7% for the lateral teeth, 97.8% of the anterior teeth were assigned correctly.
DISCUSSION
Geometric morphometric techniques successfully distinguished between the teeth of the two extant mako species, Isurus oxyrinchus and I. paucus, despite the fact that the tooth morphologies are very similar. This suggests that this technique is applicable for analyzing teeth of two similar extinct putative species, I. hastalis and I. xiphodon. Differences in tooth morphology indicated by the canonical variates analysis for I. oxyrinchus and I. paucus were similar to those characters cited by Compagno (2001) : teeth of Isurus oxyrinchus have narrower cusps than I. paucus, though our two-dimensional analysis did not address recurving of the cusp apex. A difference in tooth base shape for the lateral teeth was also indicated by the CVA.
These techniques were also able to distinguish between the fossil mako species, Isurus hastalis and I. xiphodon. Purdy et al. (2001) cite teeth of I. hastalis as having a convex mesial cutting edge and elongate root lobes, whereas teeth of I. xiphodon have a straight cutting edge, broader cusps, and shorter, more massive root lobes. The results of our CVA generally concur with this assessment of tooth morphology. The CVAs indicate that I. hastalis have narrow, laterally angled cusps and a less curved base, whereas I. xiphodon has broader, straighter cusps and a more curved base. Contrary to Purdy et al. (2001) , relative root lobe length was not an effective discriminator between the two species. When the results of the F-test and the CVA are taken together, our analysis supports I. hastalis and I. xiphodon as nonconspecific.
Despite this support, it is possible that other factors have contributed to the differences seen between I. hastalis and I. xiphodon. Statistical significance is not always equivalent to biological significance. As sample size increases, the ability of a statistical test to find small differences also increases. The F-tests ask whether there is a detectable difference between the mean shapes of the two groups being tested. Whether these differences reflect two species or two morphotypes should be considered anytime this type of testing is used. Some populations of modern elasmobranchs exhibit marked variation in tooth morphology among individuals, such as Carcharodon carcharias and Carcharhinus plumbeus (Naylor and Marcus, 1994; Hubbell, 1996) . Sexual heterodonty, with males and females possessing different tooth morphologies, also occurs in some modern elasmobranchs (Peyer, 1968; Compagno, 1988; Gottfried and Francis, 1996; Kajiura and Tricas, 1996) . Geography may also play a role, as differences in tooth shape have been found among geographically distinct populations of Carcharias taurus (Lucifora et al., 2003) . The modern specimens used in this study were taken from several locations around the world, including locations around the United States and South Africa. On the other hand, the fossil specimens came from two localities, Maryland (United States) and Peru. In this study, the CV plots show more separation between the two fossil species than in the modern species (Figs. 3  and 4) , indicating that there may be more of a difference in tooth morphology than between the modern established species and therefore supporting the separation of I. hastalis and I. xiphodon. It is possible that including more locations or new finds in future studies may challenge the results of our analysis. Indeed, this can be said of any study that erects a new species or attempts to examine taxonomic relationships between established fossil species.
Separating Isurus teeth into anterior and lateral groups based on previous analyses of heterodonty (Shimada, 2002) allowed for better resolution of differences in tooth morphology between species. The approach outlined here may also prove appropriate for other clades of sharks with both extant and extinct members by using information about extant heterodonty to perform a priori separations of teeth into bins. The genus Carcharhinus has been problematic in terms of fossil tooth identification. Many modern species have similar dental morphology (Compagno, 1984 (Compagno, , 1988 ). The fossil record shows similar trends, leading to misassignment and confusion (Naylor and Marcus, 1994; Purdy et al., 2001 ). For example, many Neogene teeth have been assigned to C. egertoni; however, it is likely that many belong to other species (Adnet et al., 2007) . Many species of Carcharhinus exhibit dignathic heterodonty, often with broader serrated teeth in the upper jaw and thin cusped teeth in the lower jaw in the regions close to the jaw symphysis (Compagno, 1988) . This would be an easy a priori separation for some species.
The hexanchids would also benefit from this type of analysis, as these sharks also show strong dignathic heterodonty. Adnet (2006) cites the need for a wide study of all fossil hexanchids to further elucidate phylogenetic relationships. Determining species validity would benefit this type of study, as there is debate over not only validity of extant species based on tooth morphology, but of fossil species as well (Adnet, 2006a) . Lastly, Isurus would also benefit from a wider geometric morphometric study. Cappetta (1987) lists eight fossil species of Isurus, which does not include the two extant species or I. xiphodon. Purdy et al. (2001) suggest that I. paucus may be a junior synonym to I. hastalis, and that I. retroflexus may be a nomen dubium. Nyberg et al. (2006) cite a growing consensus that I. escheri should be split into two distinct species. The techniques outlined in this study may elucidate these relationships.
The delimiting of species can be difficult when dealing with extant organisms, species concept debates aside. In addition to molecular characters, suites of morphological characters are available from the entire body. Despite the abundance of data available for extant forms, species delimitations can still be cloudy if the characters used do not show much variation. This problem becomes more obvious when dealing with the fossil record. The vast majority of fossils supply limited sets of isolated morphological information that may or may not be useful for delimiting species. Often the designation of two very similar forms as one species or two is subjective, especially for fossil sharks, where the skeleton does not often fossilize. A survey of the literature from 2000 through 2007 to determine which criteria are most often used when designating or reevaluating fossil chondrichthyan species reveals that of the 45 papers published during this time period, 33 (73.3%) used only teeth (Balbino and Cappetta, 2000; Popov and Lapkin, 2000, 2001; Rees, 2000; Cappetta and Adnet, 2001; Siverson and Cappetta, 2001; Cappetta and Stringer, 2002; Murry and Kirby, 2002; Rees and Underwood, 2002; Schwimmer et al., 2002; Underwood, 2002; Kriwet, 2003; Popov, 2003; Ivanov and Rodina, 2004; Underwood and Ward, 2004; Cappetta and Nolf, 2005; Hoganson and Erickson, 2005; Mutter and Rieber, 2005; Rees, 2005; Richer, 2005; Ziegler et al., 2005; Adnet, 2006b; Adnet et al., 2006 Adnet et al., , 2007 Consoli, 2006; Duffin and Ginter, 2006; Garvey and Turner, 2006; Kriwet, 2006; Reinecke and Hoedemakers, 2006; Hampe and Ivanov, 2007; Mollen, 2007; Siverson et al., 2007) . Five (11.1%) used other characters in addition to teeth, such as fin spines and other parts of the skeleton (Farres, 2002; Hovestadt and Hovestadt-Euler, 2002; Ivanov and Rodina, 2004; Thies, 2005; Milner and Kirkland, 2006) , and seven papers did not use teeth at all (15.6%) (Coates and Sequeira, 2001; Heidtke and Kraetschmer, 2001; Marss and Gagnier, 2001; Stamberg, 2001; Miller et al., 2003; deCarvalho et al., 2004; Mutter and Rieber, 2005) . In 16 (42.1%) of the papers utilizing teeth, the tooth-related characters and comparisons described were solely qualitative. Twenty-two (57.9%) papers reported linear measurements such as height or width, but only four (10.5%) specifically used these measures to compare the new species to other taxa. No study employed rigorous statistical testing, though one paper plotted tooth length versus tooth width for the new and previously designated species (Reinecke and Hoedemakers, 2006) . The use of geometric morphometrics may be useful in more objective species delimitation. In the papers cited above, many of the new species were described for genera without extant representatives. However, pools of teeth for the possible new species can be compared to similar contemporaneous species without specifically taking heterodontic patterns into account. In this study, F-tests and CVAs were both performed using only species as a grouping variable. This treats all teeth of one species, regardless of position within the jaw, as one group, allowing variation due to heterodonty to contribute to variance. Despite welldemonstrated dignathic and monognathic heterodonty, the F-test and CVA were able to separate known species and questionable fossil Isurus species when all teeth were grouped only by species.
CONCLUSION
Geometric morphometric techniques were able to successfully distinguish between teeth of the two extant species of Isurus, I. oxyrinchus and I. paucus, and between teeth of the two selected extinct species, I. hastalis and I. xiphodon. These results support I. xiphodon as a valid taxon. We propose that this type of quantitative analysis is applicable for examining species identification and delimitation among other lamnids and other clades of sharks with both extant and extinct members.
